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This investigation experimentally determines the input 
impedance characteristics of various cylindrical crossed- 
monopole antennas at 2-12 GHz frequencies and compares the 


results to the well known characteristics of the cylindrical> 
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monopole antenna. The analysis includes a physical reasoning 
for the loading effects of the arms on the crossed-monopole 
antenna and resonance effects contributed by various members. 
The experimental results are also compared to the results 
obtained using numerical analysis. 
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ABSTRACT 


YY 
This investigation experimentally determines the 


input iapedance characteristics of various cylindrical 
crossed-aonopole antennas at 2-12 GHz frequencies and 
coapares the results to the vell known characteristics 
of the cylindrical aonopole antenna. The analysis 
includes a physical reasoning for the loading effect 
of the aras on _ the cross-aonopole antenna and 
resonance effects contributed by various aeabers. The 
experiaental results are also coapared to the results 


obtained using nuaerical analysis. 
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I. LNTRODUCTION 


A. BACKGBOUND 


The characteristics of straight cylindrical antennas are 
well known (King 1946]. Early work in this area focussed on 
electrically thin cylindrical dipoles over a lvssless, 
infinite ground plane. Later theory expanded on these ideal 
conditions, but reaained centered on prisitive shapes due to 
the cosplexity of the _ probles. A growing body of 
experiaental data on sore coaplex configurations has 


provided the basis for greater understanding. 


Interest in the crosgsed-dipole receiving antenna has 
been stisulated by sodeling an aircraft in ana 
Blectrosagnetic Pulse (EBP) environaent as a crossed-dipole. 
Bxperisental aeasureaents on thin crossed antennas in 1 
plane-wave electrogagnetic field [Burton 1974; Burton and 
King 1975] have shown the charge and current distrbutions, 


aad the analytical investigation [King and Wu 1975] gives 


further insight into the problea. 


Since crossed-structures (either as a aodel for aircraft 
or physical structures on board ships) exist in considerable 
nuabers, it is of interest to determine the transaitting 
characteristics of crossed-aonopoles. The charge and 
current distrbutions of the transaitting crossed~aonopole 
antenna [4c Dowell 1976] have been aeasured, and reasoning 
developed in the analysis of the receiving crossed-dipole 
has been applied to the transaitting case with considerable 


success. 


B. THESIS OBJECTIVE 


The aajor objectives of this work were to experisentally 
deternine the input impedance characteristics of various 
crossed-aonopole antennas, coapare the results with the 
input impedance of coaparable aonopole antennas, and give 
physical reasoning of the loading effects of the aras on the 
crossed~aonopole antennas. The secondary objective was to 
coapare the results with those obtained by using nuserical 


analysis. 


II. THEORY 


A. HONOPOLE 


The input iapedance characteristics of a s,onopole 
antenna over a perfectly conducting ground plane are 
tabulated and graphs are available [Jordan and Balaain 
1968]. Pigure 1 shows a plot of the theoretical input 
resistance and reactance versus height-to-wavelength ratio 
for a aonopole with a height-to-radius ratio of 60. of 
particular. interest are the peaks of the resistance curve 


and the zero-crossings of the reactance curve. 
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Figure 1. - Impedance Versus Height-to-Wavelength Ratio for a Monopole 


The first zero-crossing of the reactance curve occurs at 
a height-to-wavelength ratio of about one-quarter and 
corresponds to an antenna operating at resonance. The 
charge and current distributions for the one-quarter 
wavelength nonopole antenna are shown in Figure 2 (a). The 
next zero-crossing of the reactance curve and the first peak 
of the resistance curve occur at a _  height-to-wavelength 
ratio of “about one-half and correspond to an antenna 
operating at antiresonance. The charge ani current 
distributions for the half wavelength nonopole antenna are 
shown in Figure 2(b). As the height-to-wavelength ratio 
increases there will be an occurrence of alternating 


resonance and antiresonance. The resonance corresponding to 


odd one~quarter height-to-wavelength ratio, and 
antiresonance corresponding to even one-quarter 
height-to-wavelength ratio. The charge and current 


distributions for the three-quarter wavelength sonopole 
antenna are shown in Figure 2(c), and the distributions for 


a full wavelength monopole are shown in Figure 2(d). 


Due to end-effect and shortening of the wavelength on 
the antenna when compared to the freespace wavelength, the 


resonance and antiresonance will not occur at eract 


12 


multiples of one-quarter height-to-wavelength ratio but will 
oceur ata lower frequency. The height of the peaks of the 
resistance and reactance curves are related to the 
height-to-radius ratio. As the ratio increases the peaks 
will also increase. In the lieit as the radius approaches 


zero the peaks will approach infinity. 


(b) 


(ce) (d) 


Figure 2. - Monopole Charge and Current Distribution 


14 


B. CROSSED-HONOPOLE 


1. Be a Loaded Heaopole 


Pigure 3(a) shows a crossed-aonopole antenna with 


the cross flaced on top of a aonopole of height a> The 
aras of the cross provide additional conductors on which 


current can flow and charge can accuaulate, and also create 
a capacitance effect between the loading eleaents and the 
daage plane. The additional capacitance gives the antenna 


an effective height which is longer then a> This effect is 


often used when constructing VLP antennas by placing a top 
hat on the antenna in order to iaprove the antenna input 
characteristics. The increased effective height caused by 
the arms also increases the height-to-radius ratio which 
will increase the aagnitude. of the resistance at 


antiresonance. 


The aaount of capacitance and the increase in the 


effective height is directly related to the length of the 
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scan: If as and ze are the saae length then the 
antiresonant peaks on the plot of resistance versus 
frequency will reaain sharp; but, if aa and a are of 
different lengths, then the antiresonat peaks will pe wider 


or two peaks say occur. 


As the aras on the crossed-aonopole are lowered, as 
shown in Figure 3(b), the effective height of the antenna 


will decrease. The aonopole section aay is now shorter and 
is loaded with three eleaents (hi ebye and Bile In the 
general case where all three loading eleaents are of 


different lengths, the results becoae extreaely coaplerx. 


There can exist resonance or antiresonance with and any 
of the loading eleaents, and also resonance say take place 


on any coabination of two of the loading eleaents. 
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(a) (b) 


Figure 3. - 
Crossed-Monopole Antennas 


2. Cherge and Carreant Distribution 


The boundary conditions at the junction are equal 
distribution of the charge between the connecting conductors 
and Kirchoff's current lav which when applied at the 
junction reguires the sussation of the currents be zero. 
Since the ara eleaents are perpendicular to the aonopole, 
there is no inductive coupling between the monopole and the 
ara. The electric (BE) field esanating fron the monopole is 
oriented radially so as to induce opposing currents in 


opposite arss. The aagnitude of these induced currents and 
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thus the magnitude of the charge and current distributions 
on the aras is proportional to the strength of the £ field 
which is directly related to the surface charge in the 


proposed junction region. 


Figure 4(a) shows the zero-order distribution of 
charge along the vertical conductor vhen the cross is 
located at a ainiaua in the standing-wave pattern. Owing to 
syaaetry the forces i the horizontal aras caused by the 
charge in the two adjacent guarter wavelength of the 
standing-wave distribution will be 180 degrees out of phase 
and provide autually cxnceling forces. the only force which 
will cause current in the aras aust coae froa the charge 
distribution reaotely located froa the junction, therefore, 


the currents on the horizontal aras will be saall. 


Figure 4(b) shows the zero-order distribution of 
charge along the vertical conductor when the cross is 
located at a aaziaua in the standing-wave pattern. The 
charge near the junction no longer creates forces in the 
aras which are 180 degrees out of phase, but exerts forces 
which are uncanceled in the areas and parallel to the ara 


axis. These forces act to induce currents in the aras. 
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(a) (b) 


Figure 4. - 
Illustration of Forces Acting on Charges 
in the Horizontal Elements 


Pigure S5(a) and 5(b) illustrates the zero-order 
Charge and current distributions of the horizontal aras of 
one-quarter wavelength and one-half wavelength respectively. 
In practice the distributions on both the vertical aeaber 
and horizontal aras will be different fron the zero-order 
distributions shown. fhe forces between the charges on the 
different sesbers will aodify the distributions. This 
effect is sost noticeable when a charge aaxiaua occurs at 
the junction. When analyzing the input ispedance over a 
wide range of frequency for various crossed-aonopole 


structures all possible coabination of the above 
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distributions aay occur. 


(a) (b) 
Figure 5. - 
charge and Current Distributions on Quarter 
and Half-Wavelength Horizontal Elements 
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TII. gERBRANENTAL EQUIPSENT 


A. WIRE STRUCTURES 


The sonopoles and crossed-sonopoles were constructed 
using Agserican (B8&S) gauge 19 solid copper wire. The 


noaiaal diaaeter of the vire is .91 ma with an ohaic 


5 ; 
Tesistance of 1.66x10 Ohas/aa at 20°C. The junctions of 


the crossed-asonopoles were constructed using 3AG60SN solder 


and then shaped to aaintain unifora disension. Length 


diaensions vere controlled to within +0.1 aa. 


Figure 6 is a photograph of the wire structures used in 
this experisent, and Figure 7 is a draving of the antennas. 
Bote that in aoae cases in order to obtain a structure with 
the ara at a different position a previously used structure 
was serely inverted. &xcept in cases where the top of the 
vertical aeaber was reaoved in order to separate its effect 


froa that of the aras, all vertical aeabers of the 
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crossed-aonorfoles are 30 aa. In the frequency range used 
(2-12GHzZ). this length corresponds to a length of less than 
one-quarter wavelength for the lowest frequency to about 


five-quarters of a wavelength for the highest frequency. 


Pigure 6. - Photograph of the Wire Structures 
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Figure 7. - Antennas 
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B. TEST PIXTURE 


Three major features were considered in choosing . the 
appropriate test fixture. The reflections caused by the 
connecters and adapter should be miniaal in order to reduce 
the distortion in the iapedance curves. To avoid resonant 
effects between the center conductor and the shield, the 
space froa the center of the adapter to the shield should be 
saall when conpared to the wavelength of the highest 
frequency used. Also the ground plane dinensions should be 
large when coapared to the wavelength of the lowest 
frequency used in order to ainiaize the effects of a finite 

‘ground plane. Several configurations were tried before the 


one described below was choosen. 


1. Pepale adapter 


An OSH217 ainiature in-series jack/jack coaxial 
adapter was used in order to connect to the ground plane. 
Pigure 8 is a drawing of the adapter. Note the diaensions 


coaply with the second consideration listed above. A hole 
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was drilled and tapped in the ground plane and the adapter 
was screwed into the tapped hole. The flange on the adapter 
was ground down flush with the center insulator and the 
adapter adjusted to fit flush with the ground plane. The 
resulting fixture allowed the wire antennas to be inserted 


1.5 aa into the hollow center conductor of the adapter. 


— cm 


Side End 


Figure 8. - Female Adapter 


2- Ground Plape 


The ground plane was constructed froa a square, 5 mm 
thick, plate of aluainua with sides of 61 ca. Note the 


diaension coaply with the third consideration listed above. 
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| In order to ainiaize the nuaber of interfaces in the 
electrical connection between the test fixture and aeasuring 
equipaent, the ground plane was nounted vertically in a 
wooden rack and the adapter connected to the aeasuring 
equipaent with a single connecter. Figure 9 isa drawing of 
the ground plane showing the position of the adapter. Figure 
10 is a photograph of the ground plane with an antenna 


aounted in the adapter. 
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30.5cm 
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Figure 9. - Ground Plane 


Pigure 10. - Photograph of the Ground Plane 


3. Anecboic Chaaber 


In order to ainiaize the return of radiated energy, 
the test fixture was’ iaaersed in an anechoic chaaber. 
Figure 11 is a photograph of the anechoic chaaber with the 
wooden rack used to hold the ground plane in position. The 
chaaber was constructed using 10 ca thick Eccosorb 4H radar 
absorbing aaterial and had diaension of 120 x 60 x 60 ca. 
One side of the chaaber was open so that the chaaber could 
be pushed over the vertically aounted ground plane. In 


order to check the effectiveness of the chaaber, the readout 


27 


of the aeasuring equipment was observed while the chaaber 
was placed over the ground plane and reaoved. Also while 
the chaaber's position was shifted. Interferance froa 
returned energy was observed in the 2-4 GHz range with the 
chaaber reaoved. No effects froa returned energy were 


observed with the chaaber in place. 


Figure 11. - Photograph of the Anechoic Chaaber 


C. MEASOUBENENT SYSTBS 


1. Configuration 
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Iapedance aeasureaents were aade using the #4P-8410s 
Microwave Network Analyzer and Wang 600 Prograaaable 
Calculator. The results of the aeasureaents were iapedance 
data in tabulated fora. Pigure 12 is a photograph and 


Pigure 13 is a block diagraa of the Network Analyzer. 


Pigure 12. - Photograph of the Network Analyzer 


29 


a 


HP-8743A 


HP-8690B 
Sweep Reflection/ 
Oscillator Transmission 
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System Interface Wang 623-6 
Input/Output 


Buffer 
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Wang 605-1A 
Micro- 
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Figure 13. - Block Diagram of the Network Analyzer 


Wang 600-14 
Programmable 


Calculator 


2. Qperation 


By utilizing three different HP units in the 
HP~8690B8 Sweep Oscillator the desired frequency range was 
covered in three steps (2-4 GHz, 4-8 GHz, and 8-12 GHz). 
The output of the oscillator was feed into the #8P-8743a 
Beflection/Transaission Test Set where a reference signal 
was coupled off and sent to the HP-8411A Haraonic Frequency 
Converter. The reaaiaing RF signal was sent to the iten 


under test. 


Bhen the test itea's input iapedance differed froa 
the characteristic iapedance of the transaission line, part 
of the BP signal was reflected back into the test set. The 
reflected signal was coupled into the haraonic frequency 
converter by use of a directional coupler. Both the 
vreference signal and the reflected signal were saapled in 
the haraonic freguency converter, and the saaples were sent 
to the HP~8410A Network Analyzer Sainfraae. By coaparing 
the aaplitede and phase of the reflected and reference 
saaples in the network analyser the reflection coefficient 


(k) was deterained and displayed on the HP-8414A Polar 
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Display. The noraalized input iapedance (z) of the itea 
under test was calculated froa the reflection coefficient 
using the equation shown below. 


zs (1+k) / (1~k) 


The noraalized iapedance was calculated 
witosaricaliy by taking the X and Y voltages froa the polar 
display, which are proportional to the real and iaaginary 
coaponents of the reflection coefficient, and feeding thea 
into a 4#HP-3420 aeasureaent systea where the voltages were 
converted into digital signals. The resulting digital 
signals were sent through the Wang 635-1A Hicro-Interface 
and the Hang 623-6 Input/Output Buffer into the Wang 600-14 
Calculator. The calculator was prograaaed to use the input 
digital signals to calculate the noraalized iapedance and 
store the inforaation in aeaory. The noraalized iapedance 
was obtained for each desired frequency in the frequency 
range of interest. The list of the noraalized iapedances in 


the calculators aeaory was printed upon deaand. 


3. Galibgation 


In order to obtain accurate data froa the network 
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analyzer the systea aust first ba calibrated using a known 
load. MWNoraal procadure is to place a short at the plane 
where the test ites is to be placed. This procedure results 
in a reflection coefficient of aagnitude one and phase angle 
of -180 degrees. The systea is then adjusted to give the 


proper results on the polar display. 


Another aethod of calibrating the systea is to use 
an open at the plane vhere the test itea is to be placed. 
This procedure results in a reflection coefficient of 
aagnitude one and phase angle of zero degrees. Since an 
open coaxial line is not of infinite iapedance but has soae 
saall value of capacitance, soae error vill result froa this 
procedure. Hovever, aa shown below, the error resulting 
froa the use of an open for calibration vas saall vhen 
coapared to the iaproveaeat in the resulting iapedance 


flots. 


Ta order to get an accurate iapedance versus 
fragaeacy plot, a large auaber of points vas desirable. Due 
to aoaliaearitles in the systea the systea reguired 
calibration for each frequency used, and = it becaae 
dapractical to use the procedure described above. Instead 


the iapedance of both the open test fixture and the antenna 
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under test vere aeasured at each desired frequency and the 
value of the iapedance for the open test fixture was used to 
correct the aeasured iapedance of the test antenna. This 
method of correction had the sane effect as calibrating the 


systea for each frequency. 


Figure 14, Pigure 15, and Pigure 16 are plots of the 
measured aagnitude and phase of the reflection coefficient 
versus frequency for the open test fixture, 30 am aonopole, 
and 39 am aonopole respectively. The reflection coefficient 
for the open test fixture should have a aagnitude of one 
with a phase of zero degrees. The distortions in the 
reflection coefficient are caused by reflections froa the 


interfaces of the nuaerous connecters in the systea. 


In order to deterain the effects of the connecter 
reguired to connect the test fixture to the seasureaent 
equipaent, a short vas placed directly on the aeasuring 
equipaent, and siailar distortions in the aeasured 
reflection coefficient were noted. The distortions in the 
reflection coefficient for the open test fixture were of the 
saae aagnitude as those for a short placed directly on the 
aeasuring equipaent, therefore, the additional connecter 


required to connect the test equipaent added little to the 
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overall errors in the systes. 
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Figure 14. - Reflection Coefficient Versus Frequency 
for the Open Test Fixture 
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Figure 15. - Reflection Coefficient Versus Frequency 


for the Uncorrected 30 mm Monopole 
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Figure 16. - Reflection Coefficient Versus Frequency 


for the Uncorrected 39 mm Monopole 


In Figure 15 and 16 the _ peaks ti the aagnitude 
curves correspond to antiresonance, and _ the dips to 
resonance. The curves are saooth during resonance, but 
there are distortions in the curves caused by reflections 
froa the ccnnecter interfaces during the antiresonance. 
During antiresonance the antenna‘s reflection coefficient is 
Siailar to that of an open. The effects of the eSnAeeear 
interfaces in this area is also siailar to that of an open, 
therefore, the use of an open to correct the aeasureaents of 
the antenna canceled auch of the effects of the connecter 
interfaces. This iaproveaent in the accuracy of the 
reflection coefficient is the reason the systea was 


calibrated using an open rather than a short. 


The equations shown below were used to correct the 
aeasured reflection coefficient of the test antennas. 
k = k-k(k -1) 
c re) 
P * PrP +p 
c Oo 02 


k = the reflection coefficient aagnitude for the open 
° 


test fixture 


39 


p 2 the reflection coefficient phase for the open test 
x) 

fixture 

P P = the reflection coefficient phase for the open test 
(o] . 


fixture at 2 GHz 

k = the reflection coefficient aagnitude of the test 
antenna 

p = the reflection coefficient phase of the test antenna 


k = the corrected walue for the reflection coefficient 
c 


aagnitude of the test antenna 
p # the corrected value for the reflection coefficient 
c 


phase of the test antenna 


By first calibrating the systea on a short, the 


distortions in k varied about one. Subtracting one froa k 
° ° 


gave the aeasured value of the erorr. Froa Figure 15 and 16 
it was observed that the distortion in k increased as k 
increased. As shown in the equation above, a linear 
relation was assaaed and gave good results. The aeasured 
walne of the distortion aultiplied by k was subtracted froa 
k to obtain the corrected value for the aagnitude of the 


reflection coefficient. 


The phase for an ideal open should be zero, but due 
to nonlinearities and the distortions the aeasured value of 


Pp was not zero. The nonlinearities caused a phase shift 
° 


which was a function of frequency, and the distortions vere 


a function of frequency and also of the sagnitude of the 
reflection coefficient. Since the exact nature of the phase 
shift caused by nonlinearities was unknown, the two effects 


could not be separated. Subtracting Py fros p did not 
account for changes in Po as.a function of k but gave good 
results. In order to correct for the error caused by 
Calibrating the system On an open, P2 was added to PP 
This procedure is not exact since the error is a function of 


frequency, but it did add to the overall accuracy of the 
results. Figure 17 is a plot of the reflection coefficient 
for the 30 aa aonopole after the aeasuresents have been 
corrected using the aeasuresents taken of the open test 
fixture. Although not all of the distortions have been 


canceled, considerable iaproveaeat was obtained. 
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Figure 17. - Reflection Coefficient Versus Frequency 
for the Corrected 30 mm Monopole 


4. accuracy 


The Smith Chart shows the relation between the 
reflecticn coefficient and the normalized impedance. It is 
observed that when the reflection coefficient is large with 
zero phase then saall changes in the reflection coefficient 
result in large changes in the normalized ispedance. Proa 
observing Figure 17 it is estimated that errors in the 
reflection coefficient of about +£3% exist when the 
reflection coefficient'’s aagnitude approachs one. This 
error is considered within the liaitations of the equipment 
used. However, the percent error in the calculated 
impedance aay be larger due to conversion from reflection 


coefficient to iapedance. 


It is unfortunate that the largest errors occur when 
the reflection coefficient is large théreby increasing the 
error in the calculated impedance. But this results is as 
anticipated. As mentioned earlier the distortions in the 
reflection coefficient are caused by reflections from the 
numerous connecter interfaces. When the reflection 


coefficient aagnitude is smalI most of the power from the 


a3 


source is being radiated by the antenna and “only saall 
errors are noted, bat when the reflection coefficient 
gagnitude is large then the eneryy is reflected back into 
the source, and additional distortion is caused by the 
connecter interfaces due to the tvo-way travel and resonant 


effects set ap between interfaces. 


ia a 


IV. EXEBBISEWIAL RROCEDURE 


& DATA ACQUISITION 


Data was acquired asiag the eguipaent described in 
section III. Bach tiae the test fixture was setup the 
following prccedure was used. First the network analyzer 
was calibrated at 2 GHz using a short placed at the sane 
physical distance froa the test set as the ground plane. 
Next, with the open ground plane attached, iapedance 
aeasureaents vere taken every 50 HHz froma 2 to 12 GHz. 
Since the seasureaents taken of the open ground plane vere 
used to correct the antenna aeasureaents, the open ground 
Plane seasureaents were taken every tiae the systea was 
setup in order to ainiaiza the effects caused by changes in 
the setup or calibration. Heasureaents vere then taken of 
the desired antennas. The aeasureaents vere again taken at 
every 50 S8s. frogs 2 to 12 GHs with frequency accuracy held 


to #1 MHz. 


H. DATA PROCESSING 


The data acquired as stated above was a printed list of 
the noraalized iapedance for each frequency step. The data 
was entered into the HP 9821A calculator where it was 
corrected using the equation described in section III and 
then ploted on the HP 9862A plotter. Pigure 18 is a 


photograph of the HP 9821A calculator and HP 9862A plotter. 


Pigure 18. - Photograpg of th HP 9821A Calculator 


and HP 9862A Plotter 


C. aACCUBACY 
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Pigure 19 is a plot of the aeasured iapedaace versus 
frequency for a 30 am nonopole coaparad to theory. The 
information for the theoretical aonopola [Jordan and Balaain 
1968] is for a 30 aa aonopola with a height-to-radius ratio 
of aboat 60. The test aonopola eves bee a height of 30 aa 


and a height-to-radius ratio of about 67. 


Wota the distortions in the peaks of the aeasured 
curves. These distortions are caused froa errors in the 
aeasured reflection coefficient. @hen the reflection 
coefficient is large vith zero phase the resulting error in 
the calculated iapedaace is large. These condition occur on 
the ispedaaca plots when the aagnitude of the resistance is 
large aad tha reactance is changing froa positive to 
negative. Pigare 20 is a polar plot of the reflection 
coafficiaat on a Saith Chart. It can be clearly seen on 
Pigare 20 that in tha areas of 4-5 GHz and 9-10 GHz a snail. 
change in the reflection coefficient will causa a large 


chaaga in the iapedaace. 
There is also a horizontal shift at 9 GHz in the 
aeasared curvas vhea coapared to the theoretical. The 


aoarce of this error is probably the result of the aethod 


a7 


used to calitrate the systea. When a voltage is applied to 
an open coaxial line eke electric field will bulge outward. 
This bulging has the effect of extending the plane of 
reflection, therefore, the systea was calibrated +o a plane 
slightly beycnd the end of the coaxial line. The change in 
the phase of the reflection coefficient with a short and 
with an open was aeasured at 2 GHZ, and this value was used 
to coapensate for the error caused by calibrating the systea 
On an open. However, the error is scaevwhat frequency 
dependent, therefore, soae error is still observable. This 
error is saall and does not detract froa the overall shape 


of the iapedance curves. 
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Figure 19. - Comparison of the Measured and Theoretical Impedance Versus 


Frequency for a 30 mm Monopole 


arr eracQy Be tate eae fa 


:& Component/s), OA CONDUCTANCE ¢ 


Ht 
it 


t 


4 

3 
56 
. 


i 


See 
\\ 


Figure 20. - Poalr Plot of the Reflection Coefficient Versus 
Frequency on a Smith Chart for a Corrected 30mm Monopole 
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V. EERERIGESTAL RESULTS AMD AMALISIS 


Following are a few general coaseats concerning the 
dapedance plots which are shown in this section. The 
frequency is labeled on the horizontal axis and in all plots 
ranges froa 2 to 12 Gaz. The vertical axis is labeled ohas, 
and the scale say differ fros plot to plot. The diaension 
of the antenna figures shown on the graphs are given in 
ailliaeters and have been rounded off to the nearest 
integer. The exact aeasureaents of the antennas can be 
found in Figure 7. The resistance curves are dotted lines 
with each dot the result of an experiaental aeasureaent. 
The reactance curves are dashed lines which were created by 
Joining every other pair of data points together. The ends 
of each dash still are the result of an experinental 


aeasureaent. 


ee 


A. HSONOPOLES 


The iapedance charateristics of several aonopoles vere 
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aeasured and the results coapared to that of vwell 
established theory in order to establish the accuracy and 


reliability cf the measuring equipment and procedures. 


1. 21 gg Honopole 


Pigure 21 is a plot of the aeasured driving point 
resistance and reactance for a 21 aa aonopole. As noted 
earlier errors in the aeasured reflection coefficient cause 
noticeable distortions of the calculated iapedance in the 


vicinity of resistance peaks. 


The guarter-wave resonant occurs at about 3.3 GHz. 
This value coapares well with a theoretical aonopole of the 
saae diaensicns. The height-to-radius ratio is 46.7, and 
wi th soae interpolation the theoretical value of the 
resistance at the half-wave antiresonant peak should be 
about 410 ohas. This value agrees with the aeasured value, 
and the overall shape of the curves agrees with the 


theoretical curves. 
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Pigure 21. - Impedance Versus Frequency for a 21 mm Monopole 


2. 36 an Nonopole 


Figure 22 is a plot of the input iapedance for a 30 aa 
aonopoie. A graphical coaparison with a theoretical 
aonopole of the saae diaensions was conducted in Figure 19, 
and a detailed description of the coaparison is given in 
section IV. In coaparing the 30 aa aonopole iapedance 
characteristic curves with those for the 27 aa aonopole, one 
can easlily see the shift in the half-wave antiresonant 
point and an occurance of a full-wave antiresonant point. 
This shift is due to the additional height of the 30 aa 
aonopole. With a longer antenna a longer wavelength, lower 
frequency, is required to excite the saae aode. Also there 
is an increase in the peak resiscance due to the increase in 


the height-to-radius ratio. 
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Figure 22.-- Impedance Versus Frequency for a 30 mm Monopole 


3- 39 am Bonopole 


As the height of the antenna is increased the 
antiresonant peaks shift to the left and the height of the 
peaks increase. Figure 23 is a plot of the input ispedance 
versus frequency for a 39 mm aonopole. The left shift in 
the half-wave and full-wave antiresonant points, when 
conpared to the 30 sn nonopole, can be clearly seen. Also a 
resistance peak corresponding to se one-and-a-half-wave 
antiresonant point is visible. The frequencies at which the 
resonant and antiresonant points occur conpare well with the 
siebcetien: walues. The errors are of ine sane aagnitude as 
those noted on the 30 as aonopole curves and occur for the 
sase reason. The height-to-radius ratio is 87. Fros_ the 
theoretical gtaphs jJordan and ~Balaain 1368] this 
corresponds to a resistance of about 580 ohns on the 
half-wave antiresonant peak which coapares well with the 


measured value. 


4. 48 gp Bosopole 
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Figure 24 is a plot of the iapedance versus 
frequency for a 48 am saonopole. Several resistance peaks 
corresponding to antiresonant effects can be seen. A 
cosparison of the curves with theoretical values gives 


sisilar results as the other sonopoles. 
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Figure 23. - Impedance Versus Frequency for a 39 mm Monopole 
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Figure 24. - Impedance Versus Frequency for a 48 mm Monopole 


B. CBOSSBD-BONOPOLE 


The results of the aeasureaents on the aonopole antennas 
described above deaostrated the accuracy, reliability, and 
lisitations of the test eguipaent and procedures. The aost 
noted errors are the distortions of the peaks due to 
reflections froa connecter interfaces. These errors liait 
soae of the conclusions that can be obtained froa the 
following crossed-aonopole curves, but the effects are 


saall. 


Figure 25 38 a plot of the daput Lapedance 
characteristics of a crossed-aonopole Case 1 where two 15 aa 
aras have been placed oa top of a 30 aa aonopole. As 
anticipated froa the theory of top loaded antennas, the 
curves resesble those of a aonopole but shifted er left. 
This shift to the left has the effect of aaking the antenna 


appear taller than 30 aa. 
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The effective height, from aa iapedance point of 
vise’ of the antenna varies vith frequency. At the 
half-vave antiresonant point, the antenna reseables a 45 as 
aonopole, and at 5.4 GHz or the three-quarter wavelength 
resonant point, the antenna appears as a 41 as sonopole. 
Also for the full-wave antiresonant frequency ,the antenna 
Teseables a 39.5 gm aonopole. This apparent shortening of 
| the antenna as frequency increases is due to a change in the 


capacitance froa the aras to the iaage plane caused by the 


change in the charge distribution on the aras. 


Figure S(a) shows the first-order distribution of 
the charge and current on the ara at one-quarter vavelength. 
At 2 GHz the 15 aa ara is about .1 wavelengths long, and the 
charge distribution will be nearly unifora. At about 4.2 
GHz the charge distribution will be as shown in Pigure 5 (a), 
and there will be less total charge on the ara which will 
result in less capacitance * roa the aras to the ground 
plane. As the frequency increases the total charge will 
decrease since the additional charge will be of opposite 
polarity. Pigure 5(b) shows the first-order charge and 
current distributions on the ara when the ara is one-half 
waveleagth loag. The negative portion of the charge curve 


is aa excess of electroas, end the positive portion is 
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exposed positive ions. The capacitance froa the aras to the 
ground plane is distributed over the length of the aras, and 
due to the change in the charge polarity the sua of the 
distributed capacitance will be zero. The half-vave 
distribution should occur at about 3.2 GHz, but the 
distribution requires a charge aaxiaua at the junction. As 
seen froa aeasured charge and current distributions [lfc 
Dowell], as the charge asaziaua builds up at the junction the 
repelling effect of the charges on the vertical seaber tends 
to ds rease the build-up. This effect keeps the zero-order 
a distribution froa occuring. The capacitance of 
the aras decreases as the frequency increases but does not 


go to zero. 


One can asodel the resonant points of the iapedance 
curves as series resonant circuits and the antiresonant 
points as parallel resonant circuits. The resonant 
frequency is inversely proportional to the squareroot of the 
capacitance. If one assuaes that a change in the resonant 
frequency is causad by a change in the capacitance, the 
factor by which the capacitance aust change is equal to the 
square of the ratio of the old resonant frequency over the 
new resonant frequency. The factor by which the capacitance 


gust increase to change the resonant frequency froa that of 
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a aonopole of heigth equal to the vertical aeaber below the 
cross to that of tie crossed-aonopole can be calculated 
using the abcve relation. This factor will be an indication 
of the aaount of capacitance added by the arss. Since the 
aodel of the input iapedance characteristics by alternating 
series and parallel circuits is not exact, care aust be 


taken when using this analysis technique. 


For the Case 1 crossed-aonopole, the factors by 
which the capacitance increases are 2.36 at half-wave 
antiresonance, 1.86 at three-quarter-wave resonance, and 
1.73 at full-wave antiresonance. The effective capacitance 
decreases as the frequency increases and corresponding to a 
decrease in the effective height of the antenna. These 
nusbers do not indicate all the changes which take place. 
The exact eguations required to solve for the antenna 
geoaetry are extresely coaplex, but the capacitance factors 


are useful in comparing different antennas. 
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The crossed-aonopole Case 2 is siailar to Case i, 
but the ares have been lowered 3.75 as froa the top. The 
curves are shown in Figure 26. The length of the aras plus 
the vertical aeaber below the cross for Case 1 is about 1.1 
tiaes that for Case 2. For Case 2 the frequencies at which 
the resonance and antiresonanance occurs has increased by a 
factor of 1.1 when coapared to Case 1. The results are as 
anticapated since the resonance or antiresonance of a 
shorter antenna will occur at a higher frequency (shorter 
wavelength). The capacitance factors are 2.57, 2.03, and 
1.87 for the half-wave, three-quarter-wave, and full-wave 
resonant and antiresonant points. The effect of lowering 
the aras can now be observed in an increase in the 
capacitance factors. The increase is not directly 
proportional to the decrease in the height of the aras 
because of the geoaetry of the structure, and the 
capacitance factors are effected by the change in the charge 
distributions on the aras since they are calculated at 


different f1 uencies. 
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Figure 26. - Impedance Versus Frequency for Case 2 Crossed-Monopole 


3. Crossed=Nonopole Case 3 


Figure 27 is a plot of the impedance charateristics 
for the crossed-aonopole Case 3. The aras reaain 15 ma long 
but were lowered 7.5 am from the top of the 30 am vertical 
aeaber. When coapared to the Case 1 curves there is a shift 
to the right of all resonant and antiresonant points about 
equal to the factor by which the sua of the ara plus the 
vertical aeaber below the cross has decreased. The 
capacitance factors described above Zontinde to increase due 


to the lower ara position. 
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Figure 28 is a plot of the iapedance charateristics 
for the crossed-aonopole Case 4. The 15 am aras are iseatea 
11 aa froa the top of the 30 aa vertical aeaber. Soae 
distortion cccurs in the curves at the first antiresonant 
peak due to reflections froa connecter interfaces, and 


conversion froa reflection coefficient to iapedance. 


When the curves are coapared to the previous cases 
the resonant and antiresonant points continue to he shifted 
to the right due to the shorter diaension of the vertical 
-aeaber below the cross. The capacitance factors are 3.2, 
2.19, and 1.99 for the half-wave, three-quarter-wave, and 
full-wave resonant and antiresonant points. The factors 
continue to increase due to the decreased distance between 
the aras and the ground plane. 


~ 


In Case 2, 3, aad & the vertical aeaber above the 
mr ae Te 


should be observed when a ainiaua on the vertical 


ttle obaerwable effect. Soae effect 


aeaber's 


charge distribution is located at the junction. In Case 2 a 


ciates siniaua never occured at the junction. In Case 3 a 
charge aininua occured at the junction at about 9.2 GHz or 
near the full-wave antiresonant point. When the Case 3 
curves are coapared to the 30 sm sonopole curves the 
full-wave antiresonant occurs at about the sane frequency 
and has the saae shape. In Case 4 the charge ainiaua occurs 
at the ara location at about 7 GHz when both the 30 aa 
aonopole and Case 4 crossed-aonopole have a resistance 
ainiaua and the reactance curve with a saall value and 


positive slope. 
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Figure 28. - Impedance Versus Frequency for Case 4 Crossed-Monopole 


5S. GCEossed-Hppopole Case 2 


Figure 29 is a plot of the input iapedance 
characteristics for the crossed-aonopole Case 5. fhe ares 
are located at the center of the vertical neaber, and vill 
cause a charge ainiaua in the distribution on the vertical 
aeaber to occur at the ara location at about 4.3 GHz. Due 
to the location of the charge ainiaua the curves closely 
reseables a 30 aa aonopole in the area of 3 to 4 GhZ, but at 
5 GHz there is a dare antiresonat peak. This peak is due 
to the egual length of all three loading eleaents which when 
coabined with the 15 aa vertical aeaber below the cross 


foras a high Q antiresonance at this point. 


the capaclvates factors used in analyzing the 
previous cases are of little use due to the effects of the 
vertical aeaber above the cross. This liaitation is aost 
noticeable in the 4 to 5 GHz range. However, the continued 
shift to the right of the full-vave antiresonant point is 


observable. 
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Figure 29. - / Impedance Versus Frequency for Case 5 Crossed-Monopole 
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6. Crossed-Sonopole Case 6 


For the crossed-aonopole Case 6 the structure used 
in Case 4 was inverted. This position placed the aras 9.5 
as above the ground plane. The resulting input ispedance 
characteristics are shown in Pigure 30. The saall 
antiresonant peaks at 3.5 and 10 GHz are attributed to the 
wertical seaber, and occur at points when a siniaus in the 
charge distribution on the vertical meeber is located at the 
junction. The large peak at 6.5 GHz is due to the half-wave 
antiresonance of the aras plus the vertical aeaber below the 
cross. The distortions of the curves in the 5.5 to 8.5 GHz 
Tange are due to the petiections caused by the connecter 
interfaces as discussed earlier. The capacitance factor of 
4.17 was calculated at the half-wave antiresonant frequency 
of 6.4 GHz. This value shows the increase in the 


capacitance due to lower ara position. 
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ae Figure 30. - Impedance Versus Frequency for Case 6 Crossed-Monopole 


Pigure 31 ia a plot of the input iapedance 
characteriatica curves for the crosaed-asonopole Case 7. The 
antenna waa constracted by inverting the structure uaed for 
Case 3 placing the aras 6 an froa the ground plane. The 
reaiatance peaks at 3.5 and 10 GHZ correapond to the 
half-wave and full-wave antireaonance of the vertical seaber 
and the large antireaonant peak at 7.6 GHZ correaponda to 
the half-wave antireaonance of the saraa plus the lover 
wertical aeater. The capacitance factor at this point is 
7.41 and indicates the relatively large capacitance caused 


by the short diatance from the araa to the ground plane. 


In Caaea 1 thru 7, 15 aa arna vere uaed with a 30 aa 
wertical seater. The araa were firat placed on top of the 
wertical aeaber and then sONee se in each aucceaaive case 
until they were only 6 aa froa the ground plane. At each 
resonant and antireaonant point a capacitance factor vaa 
calculated. Thia factor is the aaount by which the 


capacitance of an equivalent aeriea or parallel reaonant 


circuit would have to increase in order to ahift the 
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resonant freguency fros that of a sonopole with a height of 
the vertical aeaber below the cross to that of the 
crossed~ sonopole. This factor decreased with incresing 
frequency due to changes in the charge distribution on the 
ares and increased as the aras vere lowered. The vertical 
aeaber above the cross nay have also effected the 
capacitance factor in some cases. Since the exact relation 
between the different parmaeters effecting the capacitance 
factor are unknown the effects could not be separated. Only 
a qualitative analysis could be accoaplished. However, the 
factors were useful in coaparing the different cases and 


will be used in the following cases. 
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Figure 31. - Impedance Versus Frequency for Case 7 Crossed-Monopole 


8. Grossed-Hopopole Case 8 


The following seven cases differ froa the first 
seven cases in that 12 aa aras are used insted of 15 aa 
aras. Pigure 32 shows the plots of the input iapedance 
characteristics for the crossed-aonopole Case 8. As in Case 
1 the aras are placed on top of the 30 am vertical aeaber. 
When the carves are coapared to Case 1 (Figure 25) it can be 
seen that the resonant and antiresonant points have shifted 
to the right corresponding to a shorter antenna. Also the 
capacitance factors vhich are 1.97, 1.73, and 1.59 for the 
half-wave, three-quarter-wave, and full-vave resonant points 
respectively have decreased. Note that the vertical scale 
has been changed and the peaks in Case 8 are saaller then in 
Case 1. These results are as anticipated since the shorter 
aras will decrease the capacitance effect and also decrease 


the height-tc-radius ratio. 


In Case 8 an additional antiresonant point occured 
at 11.5 GHz. This antiresonant peak did not occur in Case 
1. Ia Case 1 the occuranca of this antiresonant point vould 


require a current ainiaua and charge aaziaua at the 
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hr 


junction. But as the charge aaxiaua builds up at the 
junction the capaidingracteck of the charges on the vertical 
aeaber tends to decrease the build-up, and the aaxiaua is 
not reached. This effect was noted earlier in Case 1 vhere 
the capacitance of the aras decreased with increase in 


frequency but never went to zero. 
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Figure 32. - Impedance Versus Frequency for Case 8 Crossed-Monopole 


9- GEossed-Hopopole Case 9 


The Case 9 crossed-aonopole is sisilar to Case 2 
except the aras are shorter. The input iapedance 
characteristics are shown in Pigure 33. When these curves 
are compared to those of Case 2 (Pigure 26) one can see that 
the resonant and antiresonant points have been shifted to a 
higher frequency. The capacitance factors which are 2.18, 
1.84, and 1.63 for the half-wave, three-quarter-wave, and 
full-wave resonant points respectively have decreased. 
These comparisons are siailar to those obtained wher 
comparing Case 8 to Case 1 and are as anticipated. f#hen 
Case 9 is coapared to Case 8 it can be seen that the 
resonant and gaticesnnedt points have been shifted to the 
right, and the capacitance factors have increased. This is 
siailar to the coaparison of Case 2 to Case 1 and gives the 


saae results. 
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{ Figure 33. - Impedance Versus Frequency for Case 9 Crossed-Monopole 


10. Geossed-Monopole Case 10 


For the Case 10 crossed-monopole the aras are 7.5 aa 
froma the top of the vertical aeaber. Figuer 34 shows the 
resulting input iapedance characteristic curves. When these 
curves are ccapared to the Case 3 (Figure 27) and Case 8 
(Figure 32) the results are the saae as was obtained in the 


previous two cases. 


11. Cgossed-Monopole Case 11 


Pigure 35 shows the plots for the input iapedance 
characteristics of the Case 11 crossed-aonopole. When 
coapared to Case 4 (Figure 28) the resonant and antiresonant 
points have shifted to the right due to the shorter aras. 
Also the capactance factors which are 2.96, 2.11, and 1.91 


for the half-wave, three-quarter-wave, and full-wave 


~-resonant points respectively have decreagéa. “when compared 


to Case 8 (Figure 32) the resonant and antiresonant points 
have shifted to the right due to the decrease distance of 


the aras plus the vertical aeaber below the cross, and the 
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Capacitance factors have- increased because the arss are 
closer to the ground plane. These results agree with those 


obtained earlier. 
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~ Impedance Versus Frequency for Case 10 Crossed-Monopole 
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Figure 35. - Impedance Versus Frequency for Case 11 Crossed-Monopole 


12. Geossed-Honopole Case 12 


Por the Cass 12 crossed-aonopole the 12 aa aras are 
positioned in the center of the wertical meaber. The input 
dapedance curves are shown in Pigure 36. The antiresonant 
peak at & GHz is caused by the half-wave antiresonance of 
the vertical aeaber. The large peak at 5.5 GHz is caused by 
the half-wave antiresonance of the aras plus the vertical 
aeaber below the cross. The reaaining antiresonant peak at 
11.8 GHz is caused by the full-wave antiresonance of the 


aras plus the vertical aeaber below the cross. 


As vas observed in Case S* (Pigure 39) the effects of 
the vertical aeaber above the cross can be seen froa 3 to 
&®.S GHz because there will be a ainiaua in the charge 
distribution oa the vertical aeaber collocated at the 
jaaction at 4 GHz The curves were coapared to Case 5 where 
longer aras at the sane position were used and to Case §& 
where ara length is the saae but the position is higher. 
The results are the saae as those obtained in siailar 


coapariscns 
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Figure 36. - Impedance Versus Frequency for Case 12 Crossed-Monopole 


For the Case 13 crossed-aonopole the structure used 
in Case 11 vas invartad. This position placed the aras 9.5 
aa above the ground plane. The resulting input iapedance 
curves are shown in Figure 37. As in Case 6 (Figure 30) 
charge ainiaua in the charge distributions on the vertical 
aeaber will occur at the junction at frequencies of 3.5 and 
10 GHz. At these frequencies the half-wave and full-wave 
antiresonant effects of the vertical aeaber can be observed. 
Although the fall-wave antiresonant point is nearly obscured 
by the large half-wave antiresonant effect of the aras plus 


the vertical aeaber below the cross. 


Considerable aaounts of distortion in the curves are 
Observable in the 6 to 9 GHZ range. The source of this 
distortion was discussed earlier, and it is particularly 
aoticeable whea there are broad peaks in the resistance 
carves due to the large nuaber of data points in the area 


where the errors are large. 


The Case 13 curves were coapared to the Case 6 
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(Figure 30) and Case 8 (Figure 32). . The half~wave 
antiresonant point of the ares plus the vertical aeaber 
below the cross occured at a higher frequency due G6 the 
shorter ice when coapared to Case 6 and due to the saaller 
wertical seaker below the cross when coapared to Case 68. 
The capacitance factor at this point was 3.39 which is 
saaller than in Case 6 due to the shorter aras, but larger 
than in Case 8 due to the decreased distance to the ground 


plane. 
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Figure 37. - Impedance Versus Frequency for Case 13 Crossed-Monopole 


14. CEogsed-Honopole Casa 14 


The structure used in Case 10 was inverted to sake 
the structure for Case 14. The input iapedance curves for 
Case 14 are shown in Figure 38. The effects of the 
half-wave antiresonance of the vertical aeaber are observed 
at 3.5 Gaz, and the larger antiresonant point at 8.5 GHz is 
due to the aras plus the vertical aeaber below the cross. 
The distortions in the curves beyond 9 GHz liait any 
conclusions which can be drawn in this aceas Comparisons to 
other cases gives the saae results as those obtained 


earlier. 
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Figure 38. - Impedance Versus Frequency for 
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15. Ceossed-Honopole Case 15 


In order to separate the effects of different 
aesbers of the crossed~sonopole, the vertical sember above 
the cross was reaoved fros the structure used in Case 13. 
The resulting iapedance carves are shown in Pigure 39. When 
these curves are cospared to those for Case 13 (Pigure 37), 
it is apparent that the ssall antiresonant effects at 3.5 
and 10 GHz were caused by the vertical seaber. The larger 
antiresonant point at 7 GHz which occurs in both cases is 


due to the arss plus the vertical sesber below the cross. 


In Case 15 there is an appearance of two peaks in 
the half-wave antiresonant peak. The second peak is 
probably caused by resonant effects on the arss. These 
peaks are not observed in the case 13 curves. Although the 
distortions in this area say have covered the effect, it is 
believed that the effect of the vertical mesber above the 


cross prevented the second peak fros occuring. 
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Figure 39. - Impedance Versus Frequency for 
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16. Ceogged-Hononele Case 16 


The structure used in the Case 16 crossed~-nonopole 
is sisailar to that ased in Case 15 except it has only one 
are. The resulting input inpedance curves are shown in 
Figure 40. In cosparing the previous cases littla was said 
aboat the differences in the nagnitudes of the different 
carves since in sost cases there was only snail changes and 
these coald be explaned by changes in the height-to-radias 
ratio. When coaparing Case 16 to Case 15 this is not true. 
For Case 15 the aaxisua in the resistance carve is 900 ohas 
and the half-wave antiresonance occurs at 7.25 GHz which 
corresponds to a aonopole of 17.12 as. For Case 16 the 
resistance at the half-wave antiresonance is 700 ohas and 
eccurs at a frequency corresponding to a 19.86 aa aonopole 
which is a lower peak and larger height~-to-radias ratio. 
The change in the aagnitude of the resistance curve and the 
chaags in the slope of the reactance curve at antiresonance 
shows that there is a change in the Q of the antiresonance. 
A change in the Q can not be accounted for by only a change 
in ths capacitance, thétetace: the capacitance factors used 


in coaparing previous cases ara no loagar valid. 
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Pigure 40. 


~- Impedance Versus Frequency for Case 16 Crossed-Monopole 


Figure 41(a) shows the current distribution for the 
Cass 16 crossed-aonopole at helf-vave antiresonance. Figure 
&1 (b) shows the current distribetioa for the Caeaaa 15 
crossed-acacpole at tha saae frequency. By coapering the 
two distributions oaa can see that due to the additional 
carreat caused by the sacond ara in Casa 15 the distribatioa 
on the vertical aeaber below tha cross has shifted, and the 
helf-vave antiresonant point will occur at ai higher 


frequency. 


Figure 41(c) shows the currant distribution for the 
Cease 16 crossed-aonopole at guarter-vwave rasonence. Figure 
41(d) shows thea current distribution for tha Casa 15 
crossed-aonopole at the saea frequency. Wheu the two 
distributions ere coaparead the additional currant of the 
second ere causes the quarter-wave resonance for Case 16 to 
occur at a lower frequency then for Case 15. This analysis 
agrees with tha aeasured ieapedance curves ia the 


quarter-vave resonence area. 


(a) 


(b) 


(e) 


(da) 
Figure 41. - Current Distribution for 
Case 15 and Case 16 Crossed-Monopole 
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17. Geoneed=Honosele Cease 17 


For the Case 17 crossed-aonopole the 9.5 aa vertical 
aeaber below the cross is loaded with three eleaents all of 
different lengths. The resulting input iapedance carves are 
shown in Figure 42. case 6 (Figure 30) and Case 13 (Figure 
37) have the arns at the sane position with both aras 15 aa 
long for Case 6 and 12 an long for Case 13. When the three 
sets of curves are coapared one can see that the large 
half-vave antiresonant point for Case 17 occurs betveen the 
half-wave antiresonant points for Case 6 and Case 13. Also 
the capacitance factor ee Sits point which is 4.04 for Case 
17 is larger than the 3.39 for case 13 and saaller than the 


4.17 for Case 6. 


The saaller antiresonant points at 3.5 and 10 G&z 
are due to the vertical aeaber and are observable on all 
three sets of carves. The additional effect at 4.5 GHz seen 
on the case 17 curves is caused by resonance on the total 
arts of leagth 27 aa. This effect was not seen in Case 6 or 
Case 13 becaase it was covered by the larger antiresonant 


poiats. 
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Figure 42. - Impedance Versus Frequency for Case 17 Crossed~Monopole 
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18. Crossed-Honopole Case 18 


Figure 43 shows the iaput iapedance characteristics 
for the Case 18 crossed-aonopole. The crossed-aonopole vas 
constructed by placing a single 12 aa ars 9.5 as above the 
ground plane. #hen the carves are coapared to those for 
Case 16 (Figure 40) where the vertical senber above the 
cross has been resoved it can be seen that the 
antiresonatices at 3.5 and 9.5 GHz are caused by the 
vertical aeaber. The peak ia the resistance curve at 6.25 
GHz is the half-wave antiresonaace of the ara plus the 
vertical aeaber below the ara and occurs at the saae place 


ia both flots. 


Shea the curves for Case 18 are coapared to those 
for Case 13 (Figure 37) the shift in the large antiresonant 
point due to the suasation of the current at the junction 
can be seen. As discussed earlier the capacitance factors 
are no longer useful due to the change in the Q, hovever, 
the left shift in the antiresonant point for Case 18 aay be 
caused by aa increase ia iadactaace. fhe ara foras a half 


loop with the vertical aeaber which is caaceled ia the case 


‘gas 


with two aras but aay add indnctance in the case of a single 
ara. Also the effects of the vertical aeaber are aore 
noticeable due to the decreased effect of the single ara 


when compared to the antenna with two aras. 
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Figure 43. - Impedance Versus Frequency for Case 18 Crossed-Monopole 


19. Crossed-Nonopole case 19 


Por Case 19 a single ara was placed 19 am above the 
ground plane. The resulting input iapedance curves are 
shown in Pigure 44. When these curves are compared to those 
of Case 11 (Pigure 35) where two aras are used, sie can see 
that the half-wave antiresonant point for Case 19 occurs at 
a lower freguency than for Case 11 due to the effects of the 
additional current at the junction caused by the second ara. 
Also the peak of the resistance curve is saaller for Case 


19. 
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Figure 44, - Impedance Versus Frequency for Case 19 Crossed-Monopole 


20. Crogsed-Honopole Case 20 


Crossed-aonopola Case 20 has a single are 7.5 as 
froa the top of the 30 aa vertical aeaber. Figure 45 shovs 
tha input iapadanca characteristics for Case 20. As vas 
seen for Case 19, when coapared to a structure with two aras 
at the saae position (Case 10, Fignre 34) the half-wave 
antiresoaant point Secubacee a higher freguency and has a 


saaller aagnitade. 


When Case 20 is coaparea to Case 19 (Figure 44) 
which has a single ara at a lower position the circuit 
aodels used earlier can again be eaployed. The resonant and 
antiresoaant points for Case 19 eccur at a higher frequency, 
and the capacitance factors which are 3.04, 2.22, and 2.09 
for the half-vave, three-guarter-vave, and fall-vave points 


are larger than the 2.58, 1.94, and 1.82 for Case 20. 
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Figure 45. - Impedance Versus Frequency for Case 20 Crossed-Monopole 


VI. GOBPARISOM OF EMPERIMENTAL RESULIS WITH MUMBRBICAL 
ANALISIS 


The Antennas~-Scatterers Analysis Progras (ASAP) [fic 
Coraack, 1978] was used to generate input iapadanca curves 
for a 30 as aonopola and a Case 13 crossed-aonopole. The 
ASAP prograa uses the aethod of aonents (Harrington 1968] 
with piecevise-sinusoidal bases function applied using 
Galerkin's aethod. The prograa was developed by aodifying 
the Ohio State University Antennas-Scatterers Analysis 


Prograa. 


The prograa has no aeans of autoaatically scanning a 
frequency range. Bach iapedance point required recycling 
the prograa and a separate data card for each freguency. 
The iapedaace points were calculated for every 200 HHz froa 
2 to 12 GHz. The resulting data was entered in the AP 9821 


A calculator aad then ploted on the MP 9862 A plotter. 


A. HOROPOLE 


410 


Figure 4&6 is the plot of the calculated input ispedance 
for a 30 aa aonopole obtained using the ASAP orogens. The 
frequencies of the rasonant and antiresonant points agrees 
with those of the aeasured curves and the theoretical 
curves. Hovever, the aagnitude of the curves ee ‘closely 
reseables that of a aonopole with height-to-radius ratio of 
&0 rather than the actual height-to-radius ratio of 60. The 
cause of this error is unknown. The liait of the radius to 
wavelength ratio for the prograa vas exceeded above 6.6 GHz 


and the data above this freguency say be in error. 
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Figure 46. - Impedance Versus Frequency Calculated Using 
the ASAP Program for the 30 mm Monopole 
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BR. CBOSSED-HOGOPOLE 


Pigure 47 is e plot of the calculeted iepedence for e 
croseed- eceopole with the eeee dieension es those for the 
Cess 13 6réesea~aonopola used ebove. Shen the curves ere 
coepered to those obteined experieentelly (Figure 37) the 
first entiresonent point et 3.75 GHz occurs et the seee 
frequency end hes the seee eegnitude on both sets of curves. 
This peek is dee to the helf-veve entiresonence of the 


werticel eeeber. 


The lerge entiresonent point in the ceater of the curves 
is dee to the helf-veve entiresonence of the eres plus the 
werticel eeeber below the cross. In the coeputer curves 
this point occurs et ebout 6.2 GHz vhile the eeesured curves 
show the point et 7 GHz. At this entiresonent frequeecy 
there will be e cherge eezieuvue et the junction. The 
coeputer progree hes no provisions to eccount for cherge 
eccueuletion et the junction, end this error is probebly the 
reeson for the dlfforence in the two sets of carves. The 
full-weve eetireeceent point of the vertical eeeber is elso 


not observeble on the coeputer curves. This difference 
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aaybe due to the violation of the radius-to-wavelangth 
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—-@@q@t Figure 47. - Impedance Versus Frequency Calculated Using the 
ASAP Program for Case 13 Crossed-Monopole 


VII. CONCLUSION 


The edditon of a cross et the top of e eceopole elters 
the input iepedence cherecteristics to thet of e teilor 
eceopole. Lovering the cross decreesed the effective height 
of the entenne. Shortening the eres elso decreesed the 
effective height. The epperent increese in the height of 
the eonopole dee to the cross ves found to bee function of 
frequency dee to the chenge in the cherge distribation on 
the eres. When e crossed-eonopole vith one ere ves coepered 
to e crossed-eceopole vith tvo eres it ves foend thet the 
edditionel erm iecreesed the effective height et 
guerter-veve resoeeece bet decreesed the effective height et 
helf-veve eetiresoneece. This effect is ceesed by e phese 
shift le the current distribution oe the lover verticel 


eeeber dee to the edditionel current of the secoed ere. 


By the ese of fregueecy sceling the dete given in this 
repoet cee be eppliled to croesed-eceopole eeteenes of 
verloes eises. A predefleed iepet iepedeece cherecteristic 


eey elso be epptoxleeted bp the proper pleceeeset of eres of 


iam Siatiaile oe 


suitable length. 


The results of the naaerical analysis shows errors in 
the iapedance carves because charge accumulation at the 
junction was not accounted for.. Also, due to ths thin w#ire 
approximation used in the progras the accuracy of the 


results at high radius-to-wavelength is liaited. 
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